Olfactory tests are an important tool in human nutritional research for studying food preferences, yet comprehensive tests dedicated solely to food odors are currently lacking. Therefore, within this study, an innovative food-associated olfactory test (FAOT) system was developed. The FAOT comprises 16 odorant pens that contain representative food odors relating to different macronutrient classes. The test underwent a sensory validation based on identification rate, intensity, hedonic value, and food association scores. The accuracy of the test was further compared to the accuracy of the established Sniffin' Sticks identification test. The identification rates and intensities of this new FAOT were found to be comparable to the Sniffin' Sticks olfactory identification test. The odorant pens were also assessed chemo-analytically and were found to be chemically stable for at least 24 weeks. Overall, this new identification test for use in assessing olfaction in a food-associated context is valid both in terms of its use in sensory perception studies and its chemical stability. The FOAT is particularly suited to examinations of the sense of smell regarding food odors.
Introduction
Olfactory dysfunction is relatively prevalent, for instance it has been estimated to affect 20% of the German and Swedish populations (Brämerson et al. 2004; Vennemann et al. 2008) . It can lead to a reduction in quality of life and has been linked to obesity and depression (Hoover 2010) . Furthermore, the reduced food intake observed for people afflicted with cancer (Bossola et al. 2007; Gavazzi et al. 2011) or suffering from depression (Antonijevic et al. 1998) , as well as the elderly (Schiffman and Warwick 1993; Schiffman and Zervakis 2002; Zhu et al. 2010; Toffanello et al. 2013) , might be related to problems with their sense of smell that leads to a reduced palatability of food. Diagnosing and evaluating a loss or reduction of olfactory sensitivity is therefore imperative to enable treatment, counseling or palatability-adapted diets, as necessary. In addition, determining olfactory dysfunction can be of diagnostic value for neurodegenerative diseases such as Parkinson's or Alzheimer's diseases (McKeith et al. 2003; Zaccai et al. 2006; Haehner et al. 2009 ).
Many tests have been developed to identify olfactory dysfunction on an objective basis. Cain et al. (1988) established the Connecticut Chemosensory Clinical Research Center (CCCRC) test, which consists of an n-butanol threshold test and an identification test comprising odors of 10 common household products, for example, baby powder or coffee. Subjects are required to choose from a list of terms containing the 10 correct items as well as an equal number of distractor items for each substance (forcedchoice test). An alternative test, the University of Pennsylvania Smell Identification Test (UPSIT) (Doty et al. 1984a (Doty et al. , 1984b , uses scratch-and-sniff odor panels to examine olfactory disorders. The test consists of 4 booklets, each containing 10 microencapsulated odorants associated with everyday objects such as foods, flowers, and household products. After scratching and sniffing a panel, the subject is required to identify the odor from a list of 4 items (forced-choice test). Hummel et al. (1997) developed a test battery based on odorant pens, commercially available under the brand-name Sniffin' Sticks (Burghart Messtechnik GmbH, Wedel, Germany). The test comprises threshold, discrimination, and identification tasks based on different odorants to assess olfactory function. The identification test, for example, consists of 16 pens containing different everyday odors. Subjects are required to identify the individual odors from lists of 4 descriptors via multiple-choice tasks. This test is widely used by otorhinolaryngologists to identify and diagnose olfactory dysfunctions, but is also applicable for use in research studies, for example, in neuroscientific experiments to explore the influence of sex and age on olfactory sensitivity (Markovic et al. 2007; Thuerauf et al. 2009 ). Nevertheless, the majority of the current olfactory tests were conceived for determining olfactory dysfunction in a clinical setting rather than for use in non-clinical research. The Monell Extended Sniffin' Sticks Identification Test was the first olfactory identification test that was developed for non-clinical research studies (Freiherr et al. 2012 ). The test is an extended version of the Sniffin' Sticks identification test and was designed specifically for research purposes. The test consists of 40 different odorant pens that allow subjects to be presented with all target subsets within the same experiment while maintaining statistical power.
Although all of the aforementioned olfactory identification tests contain some food-associated odorants, none of the tests is exclusively on food, especially not in relation to specific macronutrient-containing foods. Further, the food-related odorants that are presented within these olfactory tests are not sufficient to test for olfactory dysfunction associated with problems of food intake because many of the food odorants used in these tests have a very artificial smell that do not closely reflect the aroma of food items that are experienced in everyday life. Thus, there is a need for the creation of a food-specific olfactory test for use in human nutritional research that is also applicable in a clinical setting. For instance, smell capabilities of patients suffering from disorders related to food consumption (anorexia nervosa, bulimia nervosa, obesity, adiposity, certain diseases associated with anosmia, or cachexia) are of high interest (Schreder et al. 2008; PalouzierPaulignan et al. 2012) . Further, the test can be utilized in a research setting in which food-associated olfactory function is of specific interest. The following research questions would benefit from a solely food-associated olfactory test (Albrecht et al. 2009; Brünner et al. 2013; Freiherr et al. 2013; Spence 2015) : Are hunger and satiety related to differences in olfactory food identification? Does the peripheral or cerebral glucose or insulin level affect performance during a food-associated olfactory identification test? Which role do multisensory integration processes play during food perception and how do they differ across different age groups?
To address this specific need, we developed an olfactory identification test based on the use of odorant pens that are exclusively related to food. The aim of this study was to introduce this innovative food-associated olfactory test (FAOT) for use in both clinical and non-clinical research settings, as well as to validate it from both sensory and chemo-analytical perspectives and compare its performance to that of the Sniffin' Sticks identification task (Kobal et al. 2000) .
Materials and methods
This project was approved by the local ethics committee of FriedrichAlexander-Universität Erlangen-Nürnberg, and all participants provided verbal informed consent. The participants received no financial compensation. This study complies with the Declaration of Helsinki for Medical Research involving Human Subjects.
Subjects
The development of the test was conducted with colleagues in our research group. Some of the subjects were trained, meaning that they were used to being involved in sensory evaluations on a daily basis. However, the subjects were not specifically trained for certain odor or food items. A few subjects were untrained, meaning that they were not involved in sensory evaluations on a regular basis. Subjects were of German, Italian, or Spanish descent. Details about their age and sex can be found below.
Chemicals
The following odorants and solvents (Sigma-Aldrich, Steinheim, Germany) were used for the FAOT (with purities stated in parentheses): trans-cinnamon aldehyde (99%, cinnamon), vanillin (99%, vanilla), γ-nonalactone (98%, coconut), 3-isobutyl-2-methoxypyrazine (99%, bell pepper), S-carvone (96%, caraway), R-carvone (97%, peppermint), benzaldehyde (99%, marzipan), 2,3-butanedione (99%, butter), γ-decalactone (98%, peach), trans-anethole (99%, liquorice), β-damascenone (98%, grape juice), and the solvent triacetin. The aroma mixtures of cocoa (slightly roasted), meat (cooked beef), bread (crust), chicken (cooked), and fish (anchovy) were kindly provided by Symrise AG (Holzminden, Germany).
FAOT development
The FAOT was developed in several steps, with sensory and cognitive assessments performed at regular intervals before proceeding with the next step. The development consisted of 1) a pre-selection of odorants and aromas (via sensory assessments), 2) creation of the odorant pens using the selected odorants and aromas, 3) a selection of suitable descriptors for each odorant in the test (via sensory and cognitive assessments), and finally 4) a pre-evaluation of the final test (via sensory and cognitive assessments). The developmental steps of the FAOT are outlined in the following. i) Preselection of odorants: The FAOT consists of a series of felttip pens (analogous to the Sniffin' Sticks pens) each filled with either a single odorant or an aroma mixture. A trained sensory panel (n = 20; mean age 27.6 ± 3.7 years; 18 females) prescreened a larger set of odorants (n = 40) and aroma mixtures (n = 10) (cf. Supplementary Table S1 ) and selected single odorants and aroma mixtures for the final version of the FAOT. The selection criterion was an association with food that was familiar to a European target population. Moreover, the test was designed to include single odorants and aroma mixtures associated with primary food macronutrients, that is, butter aroma to represent fat, meat aroma to represent protein, and bread aroma to represent carbohydrates. During odorant selection, the association with food was prioritized over a balanced ratio of single odorants and aroma mixtures and a balanced macronutrient representation. Single odorants were pre-selected based on their odor attributes reported in the literature (Leitereg et al. 1971; Friedman et al. 2000; Czerny et al. 2008; Hofmann et al. 2010 ). This phase resulted in a list of 16 odorants to be used in the FAOT (Table 1) . ii) Production of the odor pens: The FAOT comprises 16 individual odor pens, each containing a different single odorant or aroma mixture. The pens (but not odorants/aroma mixtures) are identical to those used in the Sniffin' Sticks test battery and are constructed similar to regular felt-tip marker pens, albeit with the adsorbent internal cartridge containing the chosen odorant (or aroma mixture) rather than ink (Hummel et al. 1997) . Empty (i.e., odorless) pen housings and cartridges were purchased from Burghart Messtechnik GmbH (Wedel, Germany). The internal cartridge of a pen was filled with 4 mL of triacetin solution containing either a single odorant or an aroma mixture, as listed in Table 1 , using a sterile syringe. The pens were then stored tip-down at room temperature (20 ± 2°C) until use. iii) Selection of descriptors and distractors: A mixed panel of trained and untrained European assessors (n = 20, mean age 27.2 ± 2.0 years, 13 females, 10 trained) chose the descriptor that best described the odor of the presented pen in a forced-choice test (target descriptor). Additionally, each odorant was accompanied by 3 distraction descriptors. The choice of distractor terms was accomplished by the experimenter based upon similarity of the distractor terms to the respective food item. The first distractor term was very similar to the food item, the second distractor was of moderate similarity to the food item, and the third distractor was dissimilar to the food item. The experimenter chose the target and very similar distractor terms from the results of an initial quantitative descriptive analysis (QDA) that had been performed on the odorants. The terms that were used for the moderately similar and dissimilar distractors had not been mentioned during QDA of the odorants. Similarity of the descriptors and distractors was not evaluated by the panel in order to avoid biasing their future assessments. Importantly, all distractor terms were food-related. Familiarity and food association of the distractors were assessed to identify and discard terms that were unfamiliar or non-food associated. For evaluating the familiarity of each distractor, participants had to specify if the respective distractor was familiar or not. All distractors with a mean food association of ≤1.5 and a mean familiarity of <95% were discarded (cf. Sensory and cognitive assessments). iv) Pre-evaluation of the final test: Once the odorants and descriptors/distractors were chosen, the FAOT was evaluated by a trained panel (n = 7, mean age 29.1 ± 5.5 years, 6 females) in terms of identification rate, intensity, hedonic value, and food association (see Sensory and cognitive assessments) to guarantee sufficient identification scores and intensities, acceptable pleasantness, and suitable food associations of the pen odors. Panelists were required to smell the individual pens and choose the most suitable term to describe its odor from an accompanying list of descriptor and distractors (Table 2 ). This procedure was carried out for all 16 pens in succession. An initial pre-evaluation was performed 1 day after producing the pens, with a subsequent evaluation on day 14 to ensure test-retest validity. Both evaluations were carried out in a well-lit, well-ventilated, and silent room. Friedman et al. (2000) . 
An additional comparative evaluation of the FAOT with the established Sniffin' Sticks identification test was performed to confirm its clinical validity (see Comparison to the Sniffin' Sticks identification test).

Sensory and cognitive assessments
The pre-evaluation of the final FAOT, as well as the sensory validation assessments (see later), were performed as follows. Panelists were required to sniff the tip of a pen for 3 s and then choose the most appropriate descriptor from a choice of 4 (i.e., correctly identify the odor of the pen), as well as rate its intensity, hedonic value, and food association. Ratings were made on 7-point scales from 0 to 3, with possible increments of 0.5, as follows. Intensity: 0 = no perception, 1 = weak perception, 2 = clear perception, and 3 = strong perception; hedonic value: 0 = very unpleasant, 1 = moderately pleasant, 2 = pleasant, and 3 = very pleasant; food association: 0 = no food association, 1 = weak food association, 2 = good food association, and 3 = very good food association. The utilized scales have already been established for sensory evaluation of odor perception (Sandgruber et al. 2012) . Subsequent pens were evaluated with 20 s breaks between assessments.
FAOT validation
The FAOT pens were assessed via a sensory and chemo-analytical validation for stability and reproducibility at regular intervals over 24 weeks (~6 months), specifically on days 1, 14, 28, 56, 84, 112, 140, and 168 after pen production. Duplicate sets of the pens were tested in both assessment cases.
Sensory validation
The sensory validation of the FAOT pens was performed by a trained panel that evaluated each pen in terms of identification rate, intensity rating, hedonic value, and food association on each assessment day using the scales described above. The mean number of assessors was 8.6 (7.9 female) with a mean age of 29.1 years (SD 0.7 years). Details of the panel participants, which varied slightly for each assessment day, are reported in Table 3 .
Chemo-analytical validation
The chemo-analytical validation of the FAOT pens was performed using a high sensitivity proton-transfer reaction mass spectrometer (hs-PTR-MS, IONICON Analytik GmbH, Innsbruck, Austria), which is a chemical ionization-based method that enables rapid, quantitative detection of gas-phase volatiles in real time (Hansel et al. 1995; de Gouw et al. 2003) and has been previously used in olfactory assessments (Beauchamp et al. 2010 . The PTR-MS reaction chamber was operated at 60 °C, 2.2 mbar, and 600V, resulting in an electric field strength to buffer gas number density ratio (E/N) of 132 Td (1 Townsend (Td) = 10 -17 V cm 2 ). For some analyses a reaction chamber voltage of 400 V was employed (E/N = 88 Td). Assessments of the pens were performed by inserting the tip of an individual pen into a purpose-built orifice at the base of a perfluoroalkoxy (Teflon PFA) chamber that was flushed with dry, zero-air (i.e., free of volatile odorants) at a flow rate of 2000 sccm, as provided by an advanced-model gas calibration unit (GCU-a; IONICON Analytik GmbH) (Beauchamp et al. 2013 ). The PTR-MS instrument sampled the gas directly within this column, as described previously (Denzer et al. 2014) . Measurements of the pens with single odorants were performed in selected ion monitoring mode, whereby the mass-to-charge (m/z) ratio of the predominant product ion of the target odorant was pre-selected based on preliminary assessments of the individual odorants (cf., Table 1 ). A measurement cycle comprised the detection of the primary reagent ions (at m/z 21 and m/z 37), as well as the target odorant and some additional ions relating to triacetin. In total, 6 m/z were measured, each with a dwell time of 50 ms resulting in a cycle time of ~335 ms (including processing time). Measurements of the pens containing aroma mixtures were performed in mass scan mode from m/z 20 to 110 with a dwell time of 100 ms per m/z and a resulting cycle time of ~9 s. The PTR-MS data were processed as described previously (Denzer et al. 2014) . The individual pens were measured in triplicates on each assessment day over a period of 168 days, as specified above. All pens were assessed in this manner with the exception of pen 3, which could not be analyzed due to the relatively low volatility of this compound (vanillin) and its adsorption to the PTR-MS inlet system. Conversion of the PTR-MS signal intensities to gas-phase concentrations (in ppb v ) were made based on first-order reaction kinetics using a standard reaction rate of 2 × 10 -9 cm 3 s −1 for all odorants. The scan data from the aroma mixture pens were processed by converting individual signals to gas-phase concentrations (ppb v ), as for the single odorants; all signals across the whole scan (m/z 20−110), with the exception of the precursor ions (m/z 20−28, 30, 32, 37, 38, and 55), were added together to represent the overall gas-phase concentration. Although this does not directly reflect the gas-phase concentration of the odor due to the inclusion of fragmentation products, it was nevertheless deemed suitable as a proxy for the odor concentration to assess overall odor stability.
Comparison to the Sniffin' Sticks identification test
The FOAT was further compared to the clinically validated Sniffin' Sticks identification test (referred to in the following as Sniffin' Sticks; Kobal et al. 2000) to investigate the suitability of the FAOT for clinical applications. Both identification tests were thereby evaluated according to the rating instructions (see Sensory and cognitive assessments). Assessments were performed by a trained panel (n = 14, mean age 26.6 ± 3.0 years, 12 females).
Statistical analysis
All data were analyzed using SPSS (version 22.0 for Windows, SPSS IBM). The data were assessed regarding normal distribution using the Shapiro-Wilk test. Pearson correlation coefficients were generated for the identification test-retest comparison. A 2-sample t-test was used to compare between single odorants and aroma mixtures, and in the case that data were not normally distributed, a MannWhitney test was performed. Mauchly's test was used to evaluate sphericity of the validation data, with Greenhouse-Geisser corrections applied in the case that the sphericity assumption was violated. The whole set of sensory validation data and chemo-analytical data were subjected to a repeated-measures analysis of variance (rm-ANOVA) using the within-subjects factor time. Post hoc pair-wise comparisons were Bonferonni corrected. If these data did not follow a normal distribution, Friedman and Wilcoxon post hoc tests were applied. Since sensory validation panels varied between the different time points, the sensory validation data of individual pens were subjected to a 1-way ANOVA, followed by Bonferroni corrected post hoc test. Kruskal-Wallis and Mann-Whitney U post hoc tests were applied in the absence of a normal distribution of the data.
Results
Suitability of chosen odorants and descriptors
The 16 single odorants and aroma mixtures used in the FAOT are listed in Table 1 together with their concentrations and odor attributes. A high level of familiarity of all descriptor and distractor terms was demonstrated by the results of the dichotomized forced-choice test (familiarity 99 ± 1%). Food association of all terms was equally demonstrated, with a mean value of 2.4 ± 0.5 (good to very good food association).
Duration of the FAOT procedure
Performing the FAOT comprised the following steps. First, a subject sniffs the tip of a pen for 3 s and must identify its odor via a forced-choice procedure from the list of descriptor and distractor terms. After identifying the odor of the pen, intensity, hedonic value, and food association must be rated. This procedure was repeated for all 16 pens, whereby the assessment of a single pen typically lasted about 40 s. Overall, the FAOT took approximately 10 min to perform.
Ratings of FAOT odors
Mean identification rates were 97 ± 6% for the pens containing single odorants and 100 ± 0% for the pens containing aroma mixtures. Correct identifications ranged from 86 to 100%. Two panelists were unable to identify pens 12 (butter) or 13 (peach).
The intensity ratings of the single odorant pens ranged from 1.6 (pen 15, grape juice) to 2.6 (pen 2, fish), that is, were perceived as clearly intense to very intense (Figure 1a ). Pens 7 (caraway), 13 (peach), and 15 (grape juice) were rated by 2 panelists as having a weak intensity. The aroma mixture pens were rated significantly more intense (mean intensity: 2.4 ± 0.2) than the single odorant pens (mean intensity: 2.0 ± 0.3) (F(1,14) = 2.2, P = 0.004).
The hedonic assessments yielded pleasant to very pleasant ratings for the majority of the pens (Figure 1b) . Pens 3 (vanilla), 9 (marzipan), 11 (chocolate), and 16 (bread) were each rated as very pleasant. Pen 2 (fish) had the lowest hedonic rating, with moderately pleasant. Additionally, no significant differences in hedonic ratings (F(1,14) = 3.3, P = 0.36) were observed between the single odorant and aroma mixture pens.
Food association of the pens ranged from 1.7 (pen 13, peach) to 2.8 (pen 3, vanilla and 11, chocolate), that is, the pens were rated as being well to very well associated with food ( Figure 1c) . One panelist rated pen 7 (caraway) as being non-food associated. No significant difference was observed between the single odorant and aroma mixture pens with respect to their association with food (F(1,14) = 0.78, P = 0.22).
It should be noted that all of the odors from both the single odorants and aroma mixture pens were perceived across the panel, with the exception of 1 panelist apparently being anosmic to pen 12 (butter).
Considering the data from these evaluations across the whole FAOT set, the overall identification rate was 98 ± 5%, with a testretest correlation score of r = 0.84 (P = 0.075). Further, intensity ratings across the set returned a relatively high mean intensity (2.1 ± 0.3) and an overall pleasant hedonic rating (2.2 ± 0.5). Additionally, food association was rated as 2.4 ± 0.3, that is, good to very good.
FAOT chemosensory reproducibility
Sensory reproducibility
Data from the sensory evaluations over the 24-week period were considered for individual pens as well as for the set as a whole. The pen-specific validation of the FAOT demonstrated that identification, intensity, hedonic value, and food association ratings were all stable for all pens over this period, with ratings not differing significantly between assessment days (see Table 4 ). Considering the set as a whole, no significant differences were observed for identification rates on individual days of the assessment period (χ 2 (7) = 6.2, P = 0.52; Figure 2a ), thus the FAOT can be considered sensorially stable over 24 weeks.
Although intensity ratings of the set were found to differ significantly between the individual test days (F(1,7) = 4.0, P = 0.002), post hoc tests indicated that they were only significantly lower for day 56 compared to days 14 (P = 0.01), 112 (P = 0.03) and 140 (P = 0.005), despite absolute intensity ratings being similar (2.0 vs. 2.2, 2.1, and 2.2 for days 56, 14, 112, and 140, respectively; cf. Figure 2b) . No significant differences in intensity ratings were observed between days 1 and 168, with values ranging from 2.0 to 2.2. In terms of the hedonic ratings, although significant differences were observed between assessment days (F(1,7) = 4.5, P = 0.005), post hoc tests showed that hedonic rating was only significantly different on day 1 compared to day 140 (the former being rated as more pleasant than the latter; P = 0.03; cf. Figure 2c) . Nevertheless, the overall hedonic ratings of the set from day 1 to week 24 did not differ significantly, with values ranging from 2.0 to 2.2. Food association ratings did not differ significantly over the 24-week period (F(1,7) = 1.8, P = 0.17; Figure 2d) , with values ranging from 2.3 to 2.5. 
Concentration consistency
The overall gas-phase concentrations of the odorant pens for the whole set did not vary significantly over the 24-week assessment period (F(1,7) = 0.89, P = 0.37). 
Comparison to the Sniffin' Sticks identification test
The overall identification rates of the FAOT and Sniffin' Sticks sets were not significantly different (U = 96.9, P = 0.11) (Figure 5a ).
Mean identification rates of the individual pens were 98 ± 5% (range 86−100%; FAOT set) (see results FAOT development) and 88 ± 24% (range from 21% for pen 8-100%; Sniffin' Sticks set). Thus, the identification scores of both tests are comparable. Further, intensity ratings of the 2 tests were not significantly different (F = 0.71, P = 0.16; cf., Figure 5b ). Mean intensity ratings were 2.1 ± 0.30 (range 1.6−0.6; FAOT set), indicating that the odors were perceived clearly to very intense (see Results Development of the FAOT), and 2.3 ± 0.30 [Sniffin' Sticks set; range from 1.8 (pen 2) to 2.7 (pen 4)], indicating that the odors were similarly perceived clearly to very intense (Figure 6a) . However, 1 panelist rated pens 1 Figure 2 . Sensory validation of the food-associated olfactory test (FAOT) over 24 weeks, in terms of (a) identification accuracy (%), (b) intensity rating, (c) hedonic value rating, and (d) and food association rating, including standard errors of means. Asterisks indicate significant (*P ≤ 0.05; **P ≤ 0.01) differences between values. (1, 14, 28, 56, 84, 112, 140 , 168 days after pen production), including standard errors of means. Note the logarithmic y-axis scale.
(mean: 1.9 ± 0.56) and 7 (mean: 1.8 ± 0.61) of the Sniffin' Sticks with an intensity of 0.5, meaning that these pens were perceived as very weak. These data suggest that this panelist has a hyposmia for the odorants of these pens. Nevertheless, the intensity ratings of both tests were comparable.
Hedonic ratings of both tests demonstrated that overall the FAOT set was rated as being significantly more pleasant than the Sniffin' Sticks set, F = 0.49, P = 0.03 (Figure 5b ). The majority of the pens of the FAOT were perceived as pleasant to very pleasant (pens 1, 3-16), although the overall range was from 1.0 to 2.9 (mean: 2.2 ± 0.49), indicating that some of the odorants were perceived as only moderately pleasant (see results Ratings of FAOT odors). This might be reflective of pen 2 (canned fish) being perceived as only moderately pleasant. In comparison, the mean hedonic rating of the Sniffin' Sticks was 1.8 ± 0.55, ranging from 0.82 (pen 16, fish) to 2.4 (pen 1, orange), indicating that the odorants were perceived as moderately pleasant to pleasant (Figure 6b) . Further, 25% of the Sniffin' Sticks odor pens (pen 2, leather; pen 8, turpentine; pen 9, garlic; pen 16, fish) were rated as moderately pleasant compared to only one moderately pleasant pen in the FAOT set (pen 2, canned fish). Overall, the odor pens of the FAOT set were rated as being more pleasant than the pens of the Sniffin' Sticks test set.
Food association ratings indicated that the food association of the FAOT was significantly higher than the Sniffin' Sticks; F = 9.0, P = 0.04 (Figure 5b ). The mean food association rating of the FAOT was 2.4 ± 0.32 (range 1.7-2.7), indicating that the odorants were well and very well associated with food (see results Ratings of FAOT odors). By comparison, the mean food association rating of the Sniffin' Sticks test was 1.9 ± 0.85, ranging from 0.10 (pen 2, leather) to 2.6 (pen 1, orange), thereby demonstrating that the odorants were perceived as non-food associated to very well food associated (Figure 6c) . Further, none of the odor pens of the FAOT was rated as not or weakly food associated, whereas 3 odor pens of the Sniffin' Sticks test were rated as not or weakly food associated (no association: pen 2, leather, and pen 8, turpentine; weak association: pen 14, rose). Thus, the FAOT is well to very well food associated, and more food associated than the Sniffin' Sticks test.
Discussion
FAOT performance
The FAOT, comprising 16 odorant pens, was designed to test human olfaction in relation to nutrition by using odors exclusively related to food. First and foremost, the test fulfills the crucial requirement that all target and distractor descriptors are well associated with food (mean of 2.4, with 3 being 'very well food associated'). Further, the necessary familiarity of these descriptors to perform the test appropriately is given, with almost 100 % familiarity for both sensorially trained and untrained European subjects.
The identification rates of the pens were high, ranging from 86 to 100% for the individual pens and a mean of 98% over the whole set, as performed by a relatively young panel (age: 26-40 years). Although the subjects included in this study were not screened for normosmia, one can assume normosmia for all subjects based on the rather high mean identification accuracy. These identification rates are higher and more consistent than those of the MONEX-40 (range of 33-100% for the individual pens and mean over the set of 80%), which is the only identification test that has also been evaluated on a pen-specific manner and by a panel of similar age (18-40 years) (Freiherr et al. 2012) . In addition, the identification rate of the FAOT across the whole set is comparable to those of the commonly used olfactory identification tests for similar age groups, which have the following rates: UPSIT identification rate: 95% (panel age: 20-39 years) (Doty et al. 1984b) and Sniffin' Sticks identification rate: 93% (panel age: 16-35 years) (Hummel et al. 1997) .
The FAOT had a high identification rate test-retest correlation score of 0.84. This is much higher than other identification tests (1, 14, 28, 84, 112, 140 , 168 days after pen production), including standard errors of means. Pen 2 could not be measured 28 days after pen production and pen 11 could not be measured 14 days after pen production. Note the logarithmic y-axis scale.
(with the exception of the UPSIT), which were reported to have identification test-retest correlation scores as follows: CCCRC test (0.60) (Cain et al. 1988) , Sniffin' Sticks (0.73) (Hummel et al. 1997) , MONEX-40 test (0.68) (Freiherr et al. 2012) , and UPSIT (0.92) (Doty et al. 1984a (Doty et al. , 1984b . The present high test-retest correlation score demonstrates that the newly developed FAOT is a reliable tool for assessing olfactory identification ability.
In terms of intensity ratings, the FAOT pens were consistently rated as being high (range: 1.6-2.6; mean: 2.1, with 3 being very intense). This is comparable to the Sniffin' Sticks test set, which has been shown to have a mean intensity rating of 2.3 (rescaled to the present FAOT intensities) (Hummel et al. 1997) . By comparison, the FAOT outperformed the MONEX-40 test (rescaled intensity rating range of 0.91-2.6), indicating that the FAOT odorant pens offer more consistent ratings and are additionally more intense than the MONEX-40 odorant pens (Freiherr et al. 2012) .
In terms of the hedonic evaluation, the odors of the FAOT odorant pens were rated as being quite pleasant (mean of 2.2, with 3 being very pleasant). Indeed, each of the FAOT pen odors was perceived as being pleasant to very pleasant, with the exception of pen 2 (canned fish), which was rated as moderately pleasant; the latter is presumably related to the fact that canned fish is not a freshly prepared food and exhibits a strong characteristic odor that is often rated as unpleasant in the real world. Overall, a high pleasantness rating, as is present in the FAOT, is essential for achieving acceptance by test subjects and patients.
Food association of the FAOT was rated as being high (range: 1.8-2.8; mean: 2.4, with 3 being 'very well food associated'), indicating a good association of the single odorants and aroma mixtures with food. Certainly, this high association with food is important for a test that is aimed at assessing olfactory acuity exclusively on food odors, as the FAOT was intentionally designed for.
A key criterion of any olfactory test is the use of odorants that are broadly perceivable and identifiable in the general population. For the FAOT, the vast majority of the panel was able to smell all of the odors, although 1 panelist was anosmic to 2,3-butandione (pen 12, butter) and was not able to identify this odor. Certainly every normosmic person has specific anosmia to a few odorants, thus detection across the board is seldom achievable. For example, 2-methylpropanal and 5α-androst-16-en-3one are odorants with high anosmic occurrence rates in the population (36% and 47%, respectively) (Amoore 1977) , and indeed it has been estimated that 5-10% of the population is anosmic to 2,3-butandione (Lawless et al. 1994 ).
Sensory stability
There were no significant differences between the ratings of the different parameters (identification rate, intensity rating, hedonic value, and food association) over the individual assessment days regarding the individual pens. Identification rates of individual pens as well as the set as a whole did not differ significantly over the 24-week assessment period, thus identification rate can be considered constant during this time. Further, there were no significant differences in intensity ratings of individual pens on the different assessment days. In terms of the whole set, the intensity rating on day 56 was significantly less than on days 14, 112, and 140. Since there were no abnormalities regarding panel and test procedure on these measurement days, the reason for these significant differences remains unexplained. All mean intensity ratings ranged between 2.0 and 2.2, indicating that all sets were clearly intense. Nevertheless, a discrepancy of the results of the individual pens versus the whole set might arise due to the necessary use of different statistical tests. For statistical evaluation of the data of the individual pens at the different time points, a 1-way ANOVA was necessary since the panel composition slightly differed between the time points. For evaluation of the data of the whole set, a rm-ANOVA was utilized. It is known that paired statistical tests (rm-ANOVA) are more sensitive and yield higher incidences of significance than unpaired statistical tests (1-way ANOVA). Nevertheless, the findings that the individual pens were stable suggests that the overall intensity of the odorants in the test remained constant over at least 168 days; further, the setspecific analysis demonstrated that the intensities of the set on days 1 and 168 were similar.
The hedonic ratings of the individual pens demonstrated that there were no significant differences between the different assessment days. By comparison, the set as a whole was rated as being significantly more pleasant on day 1 compared to day 140. Indeed, the hedonic ratings of the set throughout the assessment period were relatively high (range 2.0-2.2). Certainly, the discrepancy in the validations of the individual pens compared to the whole set is due to the necessary use of different statistical tests, similarly to the intensity ratings. Since the assessments of the individual pens indicated a stability of each pen, and as the validation of the whole set showed comparable hedonic ratings on days 1 and 168, it can be inferred that the pleasantness of the odorants of the FAOT remains constant over at least 24 weeks. This stability further suggests the absence of oxidation processes that might act to form off-odors and deteriorate the quality of the actual odorants or aroma mixtures used in the pens.
No significant differences in food association ratings of either the individual pens or the set as a whole were observed, thus the FOAT can be considered to offer consistent food association of the odorants over the 24-week assessment period.
Concentration stability
The FAOT odorant pens were found to be chemically stable over 24 weeks in terms of the gas-phase concentrations of odorants emitted from the tips of the pens. This chemo-analytical assessment provides an objective validation that the FAOT set is suitably stable over at least 168 days. One limitation of the present validation is that vanillin could not be assessed chemo-analytically, as indicated earlier (cf.
Chemo-analytical validation).
Comparison to the Sniffin' Sticks identification test
The comparison of FAOT and Sniffin' Sticks identification tests returned similar identification rates and intensity ratings, but the FAOT was rated as being significantly more pleasant and more food associated than the Sniffin' Sticks test. The low identification rate (21 %) in pen 8 (turpentine) of the Sniffin' Sticks test could be attributable to the artificial odor of the pen and the distractor term "menthol", which was quite frequently chosen (79 %) because of its similarity with the target item "turpentine". In terms of hedonic ratings, 25 % of the Sniffin' Sticks odor pens were rated as moderately pleasant (pen 2, leather; pen 8, turpentine; pen 9, garlic; pen 16, fish) compared to only one moderately pleasant pen of the FAOT (pen 2, canned fish). These findings suggest that food-related odorants, with the exception of garlic that had a trigeminal effect and (canned) fish, are more pleasant for humans than household-related odors. These observations are not surprising because olfaction is a fundamental aspect of food intake. Humans must differentiate between good and spoiled food, and additionally tend to select pleasant food. If a food smells unpleasant it would not be consumed, and even might not be associated with consumable food. Although food association was tested after identification of the odorant, food association of the odors in the FAOT was significantly higher than the odors of the Sniffin' Sticks test, clearly highlighting an advantage of this new identification test compared to the existing identification tests in terms of olfactory tests in a food-associated context. In future studies the macronutrient representation of the odorants might be evaluated independently of the identification of the odors. Also, a better balance of macronutrient representation of the odorants should be accomplished in future versions of the test. Further, more normosmic subjects balanced for sex as well as an-and hyposmic subjects should be included in order to better characterize this test as a clinical screening tool.
Conclusion
Overall, the sensory validation clearly demonstrated that the FAOT returned reliable results in terms of identification, intensity, hedonic value, and food association ratings. The chemo-analytical validation indicated consistent gas-phase concentrations of the odorants over 24 weeks. Taken together, the sensory and chemo-analytical assessments provide a strong case for this innovative FAOT as being the first reliable tool for olfactory assessments exclusively geared towards food-associated odorants. Further, the FAOT compared well to the Sniffin' Sticks olfactory identification task. As such, the FOAT has the potential to become an important tool for clinical and non-clinical assessments in relation to food odors and food ingestion, for example, in the elderly (Schiffman and Warwick 1993; Schiffman and Zervakis 2002; Zhu et al. 2010; Toffanello et al. 2013) , cancer patients (Bossola et al. 2007) or people suffering from psychological disorders (Hoover 2010) . The FAOT may additionally be applied in nutritional research with a focus on human olfaction.
Supplementary material
Supplementary material can be found at http://www.chemse.oxfordjournals.org/
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